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The L a t t i c e  Energy of Nitroeen Pentoxide 

R. 11. C u r t i s  and J .  N .  Wilson 
S h e l l  Development Company 

Eneryvi l le ,  Ca l i fo rn ia  

In t roduct ion  

14s an i o n i c  c r y s t a l  N205 Ls unusual i n  s e v e r a l  r e s p e c t s .  
a l a y e r  s t r u c t u r e  i n  iihich each i o n  i s  susrounded by only three neighbors of 
oppos i te  charge r a t h e r  t han  t h e  more usua l  coord ina t ions  sphere  of s i x  o r  e i g h t  
neighbors.Tho h e a t  of format ion  i s  q u i t e  small ,  t h e  vapor p re s su re  i s  high ( 5 h  
a t  0 ° C )  and t h e  gaseous molecule is  covalent r a t h e r  t han  ion ic .  
p lus  t h e  poss ib le  e f f e c t s  o f  charge d i s t r i b u t i o n  wi th in  both ca t ion  and anion 
i n d i c a t e  N205 t o  be a p a r t i c u l a r l y  i n t e r e s t i n g  example f o r  app l i ca t ion  of t n e  
i o n i c  model of l a t t i c e  energy. 

The Heat of Formation of N O 3  

It  possesses 

These f a c t o r s  

I n  applying t h e  Born-Haber cyc le  t o  N205 t o  determine t h e  l a t t i c e  
energy it i s  found t h a t  the hea t  of formation of the n i t r a t e  ion i s  t h e  only  
q u a n t i t y  for  vihich an exper imenta l  value is no t  ava i lab le .  This quan t i ty  i s  
obtained from ca lcu la t ed  l a t t i c a  ene rg ie s  of t h e  a l k a l i  meta l  n i t r a t e s .  
ranging  from -78(l) t o  -%(2) have been r epor t ed  of ah ich  t h e  average of -84 
lical/mole due t o  Ladd and Lee(2) is  probably the most r e l i a b l e .  
eva lua t ions  of t h e  n i t r s t e  ion  h e a t  of formation,a s impl i f i ed  c r y s t a l  s t r u c t u r e  
i s  implied i n  which t h e  n i  r t e  group i s  t r e a t e d  a s  a po in t  charge ion. 
though Topping and ChapmanT38 considered NO; as  Nis03-2 i n  NaNO, we have fe l t  it 
d e s i r a b l e  t o  cons ider  a v a r i a b l e  charge d i s t r i b u t i o n  i n  a t  l e a s t  one case,  CLNO,, 
where more recent  da t a  a r e  ava i l ab le .  

Values 

In  a l l  t hese  

k l -  

Since t h e  n i t r a t e  i on  is not s p h e r i c a l l y  symmetric, t h e  value calcu- 
l a t e d  f o r  t h e  h e a t  o f  formation of n i t r a t e i o n f r c m  a l a t t i c e  energy w i l l  depend 
i n  gene ra l  on t h e  charge d i s t r i b u t i o n  assigned wi th in  t h e  ion .  I f  t h e  charge 
d i s t r i b u t i o n  on t h e  ion  i n  t h e  c r y s t a l  d i f f e r s  from t h a t  i n  t h e  f r e e  ion ,  then 
t!ie ca l cu la t ed  hea t  of formation i s  l i k e l y  a lso t o  be d i f f e r e n t  i n  scme degree 
from t h e  t r u e  h e a t  o f  formation of t h e  f r e e  ion .  
d i s t r i b u t i o n  does not  change apprec iab ly  from one n i t r a t e  c r y s t a l  t o  another, a 
l a t t i c e  energy ca l cu la t ed  f o r  N20, or some o t h e r  n i t r a t e  from the Born-Haber 
cyc le  should. s t i l l  be meaningful. 

Nevertheless,  i f  t h e  charge 

(4  1 Cesium n i t r a t e  c r y s t a l l i z e s  a t  room temperature i n  a hexagonal 
l a t t i c e  bu t  t h e  s t r u c t u r e  has  n o t  been determined. hbove 1 6 0 " ~  it e x i s t s  i n  a 
cubic modi f ica t ion  con ta in ing  e i g h t  molecules per  u n i t  c e l l .  The s t r u c t u r e  of 
t h i s  form i s  known(5) and i s  the b a s i s  for c a l c u l a t i o n  w i t h  l a t e r  
t o  25°C. The e l e c t r o s t a t i c  energy of CsN03 Bas computed(s) f o r  seve ra l  assumed 
n i t r a t e  i o n  charge d i s t r i b u t i o n s  and a f t e r  c o r r e c t i n g  f o r  t h e  e l e c t r o s t a t i c  
self energy of t h e  ion  t h e  r e s u l t s  were f i t t e d  with a second degree equction i n  
x, t h e  n i t rogen  atcm cliarge, g iv ing  t h e  Coulomb energy 

cor rec t ion  

E, = -150.40 + 0.534X - 0.g79X2 K cal/mole. (1) 
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This method of c a l c u l a t i n g  t h e  Madelung energy appears t o  be much simpler and 
f a s t e r  than t h a t  of der iv ing  an a n a l y t i c a l  func t ion  of point charges and multi-  
po le  terms e s p e c i a l l y  wi th  more ccmplex s t r u c t u r e s .  

Equation (1) is r e l a t i v e l y  f l a t  betneen t h e  l i m i t s  x = +1 and x = 0 
uhich correspond, r e spec t ive ly ,  t o  a simple resonance hybrid f o r  t h e  n i t r a t e  
ion and t o  p lac ing  t h e  u n i t  nega t ive  charge on t h e  oxygen atoms n i t h  a n e u t r a l  
n i t rogen  atom. 
unimportant. 
which l eads  t o  E This  is almost exac t ly  t h e  value E, = 
-150.5 obtained gy assuming a simple monomolecular u n i t  a l l  of t h e  C s C l  type 
v i t h  in te ra tomic  d i s t ance  r = 3.89A. 

The exac t  value assumed f o r  t h e  charge d i s t r i b u t i o n  i s  thus 
We s h a l l  assume x = 0.17 based on a molecular o r b i t a l  t rea tment (7)  

= -150.3 Kcal/mole. 

The non-e l ec t ros t a t i c  terms include t h e  van der  Viaals, po la r i za t ion  
z e r o  point ,  and r epu l s ive  energ ies .  
obtained 6.8 and 0.8 Kcal/mole corresponding t o  t h e  dipole-dipole and dipole- 
quadrupole energ ies  based on t h e  simple C s C l  pseudocell .  
c u l a t i o n  of t hese  terms is  poss ib l e  but does not seem j u s t i f i e d .  
t o  neg lec t  t h e  p o l a r i z a t i o n  energy. A pre l iminary  ca l cu ln t ion  i n  t h e  case of 
H20, r evea led . the  ccn t r ibu t ion  from t h i s  term t o  be q u i t e  small  and a s i m i l a r  
r e s u l t  is expected f o r  CsN03. 
i s  assumed. 

cn?/dyne, apparent ly  for t h e  cubic modification, based on da tg  from Bridgman. ( e )  
Our own ex t r apo la t ion  of Bridgman's r e s u l t s  l e a d s  t o  p = 5.0 - 0.2 x 10-12crf?/c@s 
f o r  t h e  room temperature (hexagonal) form and we a re  anare of no d i r e c t  measure- 
ments on t h e  high temperature f o r m .  However, t e s t r u c t u r a l  d i f f e r e n c e  betneen 

t o  apply t h e  room temperature value of p t o  t h e  cubic form. 
t h i s  value of p t o  167"c appropr ia te  t o  t h e  l a t t i c e  parameters determination ne 
assume a temperature c o e f f i c i e n t  10-4 deg-l 

B dT 
t h e  a l k a l i  ha l ides .  Accordingly, a t  167"C, fi = 5.4 x 
r epu l s ive  energy, following t h e  Ladd and Lee t rea tment i s ) i s  9 .3  Kcal/mole. Tnus 
a t  167°C t h e  t o t a l  energy i s  -150.3 - 6.8 - 0.8 + 9.3 + 1.0 + Eth' -147.6+EbKcal 
where In t eg ra t ion  of t h e  hea t  capac i ty  
equation given by K e l l e y ( l o j  between 25 and 167°C g ives  t h e  d i f f e r e n c e  i n  hea t  
conten t  of 4.5 Kcal. 
compared t o  167°C so t h a t  Eth - 6RT = 5.7 Kcal/mole. 
conten t  of t h e  gas  i o n s  a t  298O.C and combining terms t h e  s tandard  hea t  r eac t ion  
is: 

Cs '(g) + NO3 

For t h e  van der  Waals t e r n s  Ladd and 

k more e l abora t e  ca l -  
We have choosen 

For t h e  z e r o  poin t  energy a va lue  of 1 Kcal/mole 

For t h e  compress ib i l i ty ,  p, Ladd and Lee r e p o r t  a va lue  of 4.6 x 

t h e  two forms of CsN03 is apparent ly  co t  g r e a t  P 4, and t h e r e  is no recourse  but 
I n  order  t o  co r rec t  

s i m i l a r  t o  t h a t  for 
rl@ = 6 - 

0-l2 cm/dyne and t h e  

is t h e  thermal ( v ' b r a t i o n a l )  energy. 

The Debye temperature f o r  CsN03 is  probably q u i t e  small 
Using 5RT as t h e  hea t  

- 
( g )  = CSNO3(c); m29e = -147.6 - 4.5 + 5.7 - 3.0 = Kcal/mole. 

Frcm t h e  Born-Haber cyc le  using ass st ndard hea t s  of formation &If(CS+) 

1 Kcal. 
= 110.1 l C ~ a l ( ~ ) ,  &-I (&NO3) = -121.5 Kcal(11'12T and t h e  above hea t  of r eac t ion ,  
one f i n d s  @Hf (NO,-f = -82.2 Kcal/mole wi th  an es t imated  unce r t a in ty  of 
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If t h e  hea t s  of format ion  of RolJO, and C,NO, a r e  revised('2)by -0.5 and -3.4 Kcal 
respec t ive ly ,  
Kc al/mole . Ladd and Lee ' s  determinations of AHf(N0,) become -86.5 and 85.4 

The Lat t ice  Energy of N20, 

&If(N205)c = -10.02. jb7 and nHf(N03-) = -82.2 21 from above g i v e s  a s  t h e  hea t  

Th i s  va lue  may be  taken  as the l a t t i c e  energy a t  0 ° K  with an added e r r o r  no t  
exceeding 0.5Kcal. 

Applying t h  orn-Haber cyc le  t o  N205 with ,&-(NO2+) = 235.5 +0.6(13) 

of formation from t h e  g a s  ions  a t  room temperature a value = -1Cl.3 f - 1.2. 

Based on the known s t r u c t u r e  0 l4 t h e  Coulcmb energy f o r  N 2 O 5  vas  ca l -  
cu la ted ,  as vJith CSNO3, by assuming s p e c i f i c  charge d i s t r i b u t i o n s  i n  t h e  ions  
NO,' and NO3 , c o r r e c t i n g  f o r  t h e  self energy and f i t t i n g  t h e  r e s u l t s  with a 
quadra t i c  equation i n  X, t h e  n i t r a t e  N atom charge and Y, t h e  nitronium N atom 
charge. Thas. 

E, = -150.65 - 5 . 2 0 ~  - 10 .63~  + 2.278x2 + 1.694XY - 1.520Y2. (2) 
There i s  ev iden t  i n  equation ( 2 )  a far g r e a t e r  dependence on charge 

Examples of t h e  Coulomb energy f o r  d i s t r i b u t i o n  than  exists i n  equation (1). 
s e v e r a l  conceivable charge d i s t r i b u t i o n s  are given i n  Table 1.. 

Table  1. CCULUdE ENFBGY OF N20z 

Configuration N Atom Charge $" Coulmb Energy 
NO3 NO2 EC 
( X I  (Y) 

iMinimum value  of E, 2.02 -2.37 -143.3 

Point charges -1 1 -157.0 

Neutral  n i t r o g e n  0 0 -150.7 

Resonance bond 1 1.67 -172.7 

Molecular Orbital( ') 0.17 0.58 -158.0 

The minimum value of E,, while having no apparent phys ica l  s ign i f i cance ,  ind i -  
c a t e s  t h e  l e a s t  energy t h a t  can be a s soc ia t ed  with t h i s  p a r t i c u l a r  hexagonal 
s t r u c t u r e .  
the l a s t  e n t r y  i n  Table 1. 
po in t  charge conf igura t ion .  

The most r e l i a b l e  r e s u l t  i s  probably t h a t  from quantum mechanics, 
This energy i s  s u r p r i s i n g l y  c lose  t o  t h a t  for t h e  

In  t h e  d e r i v a t i o n  of equat ion  (2) it vas assumed t h a t  t h e  self energy 
of each ion  and hence the charged d i s t r i b u t i o n  and in te ra tomic  d i s t ance  a r e  t h e  
same i n  the f r e e  s t a t e  and i n  t h e  c r y s t a l .  
d i f f e r e n c e  e x i s t s  for t h e  ions  i n  these  two s t a t e s .  There is evidence,(15T 
f o r  example, of a charge s h i f t  i n  t h e  n i t r a t e  ions  of molten a l k a l i  metal  

I t  is q u i t e  poss ib le  t h a t  a re 1 
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n i t r a t e s  depending on t h e  ca t ion  p o l a r i z a b i l i t y  and an even g r e a t e r  s h i f t  is  
expected i n  going t o  t h e  i s o l a t e d  ion. Unfortunately no q u a n t i t i v e  e s t ima te  of 
t h i s  e f f e c t  i s  a v a i l a b l e  but it should be noted t h a t  t h e  r e s u l t s  lead ing  t o  
equation ( 2 )  i n d i c a t e  t h a t  a d i f f e r e n c e  of only .01 u n i t s  i n  charge between gas  
and c r y s t a l  i ons  can l e a d  t o  10 Kcal d i f f e r e n c e  i n  E,. 

E r r o r s  a r r i s i n g  from such e f f e c t s  a r e  probably s m a l l  f o r  the n i t r a t e  
ion,  s i n c e  i t s  hea t  of- formation was obtained from a l a t t i c e  energy. 
formation of NO,', however,is obtained frcm t h e  ionza t ion  p o t e n t i a l  and hea t  of 
formation of N02(g);in t h i s  ca se  no cance l l a t ion  of error occurs.The agreement 
between ca l cu la t ed  and observea h e a t s  of formation sugges ts  t h a t  t h e  error frcm 
t h i s  e f f e c t  i s  probably smal l  for both ions.  

The heat of 

Tile complexity of N205 and t h e  absence of compress ib i l i t y  or e l a s t i c  

It would be d e s i r a b l e  t o  sum t h e  r e p u l s i v e  energy over 
cons tan t  d a t a  prec ludes  any r e l i a b l e  c a l c u l a t i o n  of t h e  non-e l ec t ros t a t i c  terms 
i n  t h e  l a t t i c e  energy. 
near  p a i r s  of atoms but r epu l s ive  parameters for N and 0 atoms are no t  a e l l  
e s t ab l i shed  and. doub t l e s s  depend on the charge d e n s i t y  a t  each atom. Estimates 
of t h e  van der Waals energy f ace  s i m i l a r  d i f f i c u l t i e s .  
approximation is poss ib l e .  I n  t h e  simple Born-Ivlayer expression(l '7 f o r  l a t t i c e  
energy t h e  t o t a l  non-Coulomb con t r ibu t ion  i s  given by pEc/R i n  which p i s  t h e  
exponent ia l  r epu l s ive  parameter and R is  the i n t e r i o n i c  d i s t ance .  
meter p is o f t en  t aken  a s  0.345 A,but i s  known(17) t o  range from a t  l e a s t  0.27 
t o  0.47. The minimum i n t e r i o n i c  d i s t ance  i n  N2O5 between n i t rogen  atoms of 
t h e  two ions  is 3.12A for  R.This is doubt less  t o o  small and a more e f f e c t i v e  
valiie for R i s  t h e  sum of t h e  i o n  r a d i i  f o l l o v i n g  Kapustinsliii('*) 
r(N02+) = l . j A  from Grison e t  a l ( 1 4 )  and r(NOs ) = 1.91- from Y/addington(l8) 
g ives  .j45Ec/R = 17 Kcal. 
it tends  t o  estimate t h e  r epu l s ive  energy r a t h e r  than  t h e  t o t a l  non-Coulomb 
energy. I n  i h c  c?se  of C,.i!O, :.. nimi.l : i* e s t imte  cxccec:s thz si:i,l o< i h o  repul- 
sive un6 Van der 'Yaals ene ig i e s  by a f a c t o r  n ine .  An examination of t h e  a l k a l i  
ha l ides  r e v e a l s  a g radua l  cance l l a t ion  of t h e  r e p u l s i v e  and van der Faa l s  terms 
a s  t h e  ion  s i z e s  inc rease  u n t i l  wi th  C s I  t h e  sum of t h e s e  two terms i s  nea r ly  
zero.  S ince  the i o n s  i n  N20s approximate i n  s i z e  t o  the heav ie r  a l k a l i  and 
h a l i d e  i o n s  it would appear t h a t  here  t o o  t h e r e  i s  l i k e l y  a near  cance l l a t ion  
of non-e l ec t ros t a t i c  terms. The p r i n c i p a l  evidence t h a t  the non-e l ec t ros t a t i c  
energy i s  smal l  i n  N205, however, i s  the c l o s e  agreement between t h e  experimenkd. 
l a t t i c e  energy o f  -161 Kcal and t h e  Coulomb,energy va lves  i n  Table 1: 

In  consequ nce only  an 

The pare- 

Taking 

This  estimate i s  st i l l  l i k e l y  t o  be too l a r g e  i p  t h a t  

It was remarked e a r l i e r  t h a t  an approximate c a l c u l a t i o n  had been made 
of t h e  p o l a r i z a t i o n  energy i n  N205. 
and t h u s  p o l a r i z a t i o n  may be neglec ted .  
energ ies ,  based on t h e  preceeding comments, i s  3ot l i k e l y  t o  exceed 1 0  Kcal and 
may be much smaller. 
energy t o  t h e  thermal value i n d i c a t e s  a r equ i r ed  Coulomb energy of Ec = -166i 5 
Kcallmole. I n  terms of equat ion  (2)  th i s  va lue  f o r  E, cannot be used t o  estab- 
l i s h  a unique charge d i s t r i b u t i o n  but  l e a d s  t o  r a t h e r  broad limits such as 
X = 0, Y = 1.2  2 0.4 or X = 1, Y = 1.1 f 0.4. 
charge i s  t h a t  from quantum mechanics and t h e  va lue  of E, from this charge 
assignment, -158 Kcal/mole i n  Table 1, is  c l o s e  t o  the r equ i r ed  range of -166 2 5 
Kc al/mole . 

This  e s t ima te  i s  well under 1 Kcal/mole 
The sum of t h e  r epu l s ion  and d i spe r s ion  

As an e s t ima te  we t ake  5 - 5 Kcal. Equating the l a t t i c e  

The most r e l t a b l e  assignment of 
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I n  vie,!  of t h e  p o s s i b i l i t y  of a 
t h e  f r e e  and l a t t i c e  bound ions t h i s  agreement i s  q u i t e  s a t i s f a c t o r y .  

s i g n i f i c a n t  energy d i f f e rence  a s soc ia t ed  v i t h  

,1 
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